. ً ‫ـا‬ ‫ـ‬ ‫خصوص‬ ‫ـاه‬ ‫ـ‬ ‫املي‬ ‫ـة‬ ‫ـ‬ ‫لتحلي‬ ‫و‬ ً ‫ـا‬ ‫ـ‬ ‫عموم‬ ‫ـة‬ ‫ـ‬ ‫للتنمي‬ ‫ـة‬ ‫ـ‬ ‫الالزم‬ ‫ـة‬ ‫ـ‬ ‫الطاق‬ ‫ـر‬ ‫ـ‬ ‫توف‬ ‫يف‬ ‫ـاز‬ ‫ـ‬ ‫الغ‬ ‫و‬ ‫ـوري‬ ‫ـ‬ ‫األحف‬ ‫ـط‬ ‫ـ‬ ‫النف‬ ‫ـى‬ ‫ـ‬ ‫عل‬ ً ‫ـا‬ ‫ـ‬ ‫حالي‬ ‫ـي‬ ‫ـ‬ ‫اخلليج‬ ‫ـاون‬ ‫ـ‬ ‫التع‬ ‫ـس‬ ‫ـ‬ ‫جمل‬ ‫دول‬ ‫ـد‬ ‫ـ‬ ‫تعتم‬ ‫ـص:‬ ‫ـ‬ ‫امللخ‬ ‫ات‬ ‫ـو‬ ‫ـ‬ ‫خط‬ ‫ـاذ‬ ‫ـ‬ ‫اخت‬ ‫ـس‬ ‫ـ‬ ‫اجملل‬ ‫دول‬ ‫ـى‬ ‫ـ‬ ‫عل‬ ‫ـب‬ ‫ـ‬ ‫جي‬ ‫ـك‬ ‫ـ‬ ‫لذل‬ ‫ـة.‬ ‫ـ‬ ‫البيئي‬ ‫و‬ ‫ـة‬ ‫ـ‬ ‫االقتصادي‬ ‫ـتدامة‬ ‫ـ‬ ‫لالس‬ ‫ـية‬ ‫ـ‬ ‫األساس‬ ‫اف‬ ‫ـر‬ ‫ـ‬ ‫األع‬ ‫و‬ ‫ـق‬ ‫ـ‬ ‫اف‬ ‫متو‬ ‫ـر‬ ‫ـ‬ ‫غ‬ ‫ـة‬ ‫ـ‬ ‫الطاق‬ ‫ـتهالك‬ ‫ـ‬ ‫الس‬ ‫ـة‬ ‫ـ‬ ‫احلالي‬ ‫ـدالت‬ ‫ـ‬ ‫املع‬ ‫إن‬
significance to the GGC members, especially with the discovery of oil and gas reserves after World War II. Since then, the GCC members experienced a dramatic change in general lifestyle and became the pivotal centre for energy at the global market. The GCC countries own 33.1% of oil reserves, the world's largest, and 20.8% of the global reserves of the natural gas. Consequently, GCC members became a centre of development and many expatriates and cooperants started to dwell in the region for business opportunities, which caused the region to also have one of the highest population growth rate in the world (Oxford Economics, 2015) . Figure 1 presents the trend of population growth in the GCC for the period 1995 (GCC statistical bulletin, 2016 , which implies the population has doubled in just less than 20 years. Expatiates are becoming a high proportion of the overall population of the GCC countries when compared with their local citizens. For example, expatriates represent about 33% and 85% of total population of KSA and UAE, respectively (GCC statistical bulletin, 2016) . Most of these expatriates are of low skills and, due to their educational level and native culture, pay little attention to water scarcity, among other natural resources.
Energy consumption in GCC
Energy requirements in the GCC have increased dramatically due to a rapid increase in development of infrastructure and population growth and due to improvement of lifestyle standards and hygiene. Figure 2 indicates that GCC countries are spending staggering amounts of energy to generate electricity for various reasons, but mainly for water desalination. Even though energy saving may look unnecessary, the GCC countries must undertake practical steps to reduce energy consumption in order to increase efficiency and reduce emissions of greenhouse gases. Energy-related challenges that face the GCC members are fluctuations of international oil prices, the emergence of new export competitors, the discovery of shale oil and gas in some countries, and subsidy programs for energy and water at the national level. Moreover, some GCC countries are facing constraints in gas production capacity that force them to import it from neighboring members or Iran.
Therefore, they must invest in new technologies to enhance their gas production rather than depending on the imports (Economist Intelligence Unit, 2010). The proceeding implies that GCC countries should, therefore, undertake firm measures towards energy sustainability through (i) introducing energy-efficiency measures; (ii) investing in clean fuel and renewable energy supplies; (iii) improving water efficiency; and (iv) investing in new water desalination capacity.
Water status in the GCC countries
The GCC members are classified as arid countries and characterized by low and erratic rainfall rates, limited groundwater reserves, high evapotranspiration rates (about 3000 mm per year), and low recharge rates for groundwater aquifers. Moreover, the increase in global warming due to greenhouse emissions and climate change worsen the situation in the region and results in prolonged periods of droughts. The Intergovernmental Panel on Climate Change (IPCC 2007a; 2007b; predicted that the region will face some environmental stresses due to the increase in gas emissions, which may include high incidence of reduced flows, declines in rainfall, and higher temperatures. table 1 are the erratic rainfall rates and low annual recharge water rates. This situation made GCC countries not consider groundwater reserves as a strategic source for drinking water. GCC members are currently considering desalination as the sole source for drinking water. Ironically, GCC countries are considered one of the highest per-capita users of water in the world. Ahmed et al. (2016) pointed that the GCC countries consume relatively more water than the world's average and is estimated at 816 m 3 /capita-year. The world's average is estimated at 500 m 3 /capita-year, (PwC, 2014) . With such limited resources, the per capita of water has declined over the period (Fig. 3) . Obviously, this is due to the increase of population, water-intensive lifestyle, and high abstraction rates from groundwater aquifers (which are much greater than recharge rates). 
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Despite the low contribution towards GCC's national GDP (<5%), the agricultural sector consumes most of the water resources available annually (Fig. 4) . The GCC countries are aware of the upcoming competition in the energy market and that oil and gas probably will not last forever. Therefore, given the current status of water in the GCC countries and the concerns regarding climate change related to the oil and gas industry, proactive and innovative approaches should be considered to reduce the dependency on oil and gas as sources of energy, and find alternative sources of water to reduce pressure on finite groundwater resources. Based on the recent review of literature, we are suggesting considering desalination technology for providing irrigation water for growing value crops for sustaining agriculture and fresh food supplies in the GCC countries and reduce the demand on finite groundwater resources, while sustaining the environment. This work reviews the international experience of the world for using desalination for agriculture. It highlights the opportunities, challenges, and the environmental risks of considering desalination technologies for agriculture in the GCC countries. Moreover, we are presenting an example for the use of the technology for producing irrigation water from Al Batinah coast in the Sultanate of Oman. We are exploring the use of renewable energies to operate desalination facilities in order to minimize the desalination costs and environmental risks. Finally, concluding remarks on the overall use of desalination technology are presented.
Desalination for agriculture: opportunities and challenges
Over abstraction of groundwater in GCC is much higher than rates of recharge from erratic and low rainfalls. Over abstraction resulted in drop of groundwater levels to critical levels that resulted in many environmental and social issues. In coastal aquifers of Oman, for example, groundwater dropped to levels below the static seawater level, which caused an imbalance of water pressures between sea level and those at the coastal aquifers. This, in turn, caused seawater to contaminate the coastal aquifers of Al Batinah, the most extensive agricultural region in the country (Zekri, 2009) . Farmers have no source of water except groundwater and, therefore, rich agricultural soils were spoiled by saline irrigation water (Al-Belushi 2003; Bajjali 2003; Al Barwani and Helmi 2006; Choudri et al. 2013) . The salinization of agricultural soils is a huge loss to the farmers in terms of (i) deterioration of soil quality, (ii) loss of crop yields due to salinity stresses, and (iii) growing salt-tolerant crops of low economic returns. This situation suggests considering alternative sources of water in conjunction with innovative techniques for water management for the sake of sustaining agriculture in GCC countries, especially at coastal cities. Al Khamisi et al. (2013) suggested using treated wastewater (TWW) in conjunction with groundwater for irrigation in efforts to minimize groundwater abstraction and enhance hydrostatic pressures of coastal aquifers of Al Batinah (Oman). However, this option cannot be economically feasible when costs of transportation and distribution networks are added to the overall value of irrigation water. Moreover, Al Renewable energy for desalination in urban agriculture in the GCC Jabri et al. (2012) explored the option of injecting surplus TWW into coastal aquifers to reduce the extent of seawater intrusion. However, artificial recharge using TWW is costly and only a small fraction of injected water could be recovered (Bouwer, 2002) . The quality of recharging water could lead to changes in physical and chemical characteristics of the soil and aquifer. Some impurities, such as microbes, heavy metals or trace elements, if present in recharging water will contaminate the aquifer, and will be very expensive to contain and clean (Bouwer, 2002) . Elimelech and Philip (2011) identified desalination of sea and brackish waters is the only practical option to provide water in ample amounts beyond the hydrologic cycle in arid environments. Due to advancement in desalination technology, Lattermann et al. (2010) argued that the costs of wastewater treatment and desalination are likely to be similar in 2015 and beyond, especially in the US.
World's experience on desalination for agriculture
Many countries are utilizing desalination technology as a source for irrigation water. Spain is the leading country in the world, where 22% of its desalination capacity (14 million m 3 /day) goes for irrigating high value crops (Zarzo et al., 2012) . Examples of crops grown in Spain with desalinated water are fresh vegetables, fruits, tomatoes, pepper, watermelons, oranges, and table grapes. Kuwait uses about 13% of its desalination capacity (1 million m 3 /day) for agriculture (Burn et al., 2015) . Saudi Arabia, the world's largest single producer of desalinated water, utilizes only 0.5% of its desalination capacity for agriculture. Other countries, such as Italy, Australia, China, Chile, Qatar, Bahrain, and USA are using desalinated water for agriculture at varying amounts. Figure  5 shows that only 2% of global desalinated water is used for agricultural purposes (adapted from Burn et al., 2015) . Farmers in Al Batinah, and other coastal areas in Oman, are starting to use small-size desalination units to produce good-quality irrigation water for their farms (Al Jabri et al., 2015) .
Opportunities and challenges of adopting desalination for agriculture
Desalination for agriculture has many advantages as identified by Burn et al. (2015) :
• tailored quality for irrigation;
• assured supply;
• enables agricultural products of consistent quality;
• production may be increased compared with other sources of water;
• desalinated water may achieve a higher resale price due to quality and supply assurance; and • desalinated water, i.e. good-quality water, allows recovery of saline soils. The choice of desalination technology is influenced by the quality of intake water, cost of energy, energy demand, and value of desalinated water. The adoption of desalination technologies to produce irrigation water has many challenges. The main challenge is economic: desalination is still an expensive option for agriculture. This is because the size of a desalination unit is relatively small, which implies water is produced at high cost. Energy-efficient desalination technologies will make this option an appropriate one for providing irrigation water. Moreover, desalination costs can be reduced by using more efficient irrigation systems and intensifying agriculture of high-value crops. Due to the advancement of desalination and filtration technologies, the current cost of desalination is only about 1/6 of that in 1970s (FAO, 2003) .
Another challenge to desalination of agriculture is environmental: the amount and disposal means of brine discharge. The desalination process using reverse osmosis (RO) technology produces brines at about 60% of feed water volume at almost twice the salinity level of the intake water (FAO, 2003) . Therefore, inland desalination is hindered by means of brine disposal and adds an additional cost. However, high recovery of desalinated water is available with new technologies, such as mem- Global desalination capacity (%) Destination Figure 5 . Global desalination capacities by sector (Burn et al., 2015) .
Al-Jabri, Ahmed brane distillation, which should reduce disposal costs per unit of water produced (Burn et al., 2015) . Ahmed et al. (2002) discussed brine disposal in Oman. However, there is no work conducted in the GCC countries regarding inland disposal of brines from desalination units for agriculture. Brine disposal in the ocean requires a given dilution ratio set by environmental agencies at a given country. The quality of desalinated water usually meets irrigation requirements in terms of total dissolved salts (TDS) with an electrical-conductivity (EC) value of 0.2-0.3 dS/m. Depending on the source of feed water, however, caution must be taken when it comes to the level of boron (B) and TDS in desalinated water. The B-concentration in irrigation water should be less than 0.50 mg/L, TDS of less than 450 mg/L, and chloride concentration of less than 105 mg/L (Shaffer et al., 2012) . Boron in neutral and acidic environments passes through the RO filters and its concentration may reach 2.0 mg/L, which is very toxic to many fruits and vegetables. Zarzo (2012) listed some crops that are "semi-tolerant" to B concentration of 1.0 mg/L. Special filters are needed to remove extra B, which means extra cost is need to added to the desalination costs. Another issue with desalination processes is the removal of divalent cations; such as calcium, magnesium, and sulfates. These cations stabilize the structure of agricultural soils and are plant nutrients. This means re-mineralization of desalinated water is needed and can be done at an extra cost to the process of desalination.
Extent of desalination for agriculture in GCC:
Oman as an example Al Jabri et al. (2015) explored the use of desalination in the Al Batinah coast with the following indicators (i) cost of desalination unit, (ii) operation and maintenance costs (O&M), (iii) purpose of desalination, (iv) amounts and quality of desalinated and reject brines, (v) means of disposal of brines, and (vi) types of crops grown. Table 3 summarizes cost and energy requirements of the desalination units used in the coastal farms in Al Batinah. All units used are based on the RO technology. Energy tariffs in Oman are subsidized and are in the range of Riyal Omani (OMR) 0.01-0.025 per kWh. Most units shown are assembled locally from imported parts. Imported whole units are also available in Oman and neighboring UAE. Table 4 lists some chemical properties of intake, desalinated, and brine waters and means of brine disposal. Desalinated water produced meets irrigation requirements. Most visited farms did not have greenhouses and desalinated water is used to irrigate date palms and field vegetables and other crops. This implies that farmers are not considering the economics and profitability issues here. The other issue is how do farmers dispose the high saline brine water. Obviously, farmers are not aware of the environmental impacts of dumping this water in soil pits and old wells. Brine water immediately destroys the structure of the soil and contaminates immediate aquifers. The deterioration of soil structure causes low infiltration capacities and, therefore, brine water remains stagnant over soil surface for prolonged periods of time. Some farmers stop operating desalination units and, hence stop irrigating, until stagnant water disappears from the soil's surface or wells. Farmers are considering brine disposal is the only barrier for them to use desalination units at their farms in Al Batinah coast (personal communication).
Economics of desalination for agriculture in Al Batinah coast in Oman
Farmers in Oman pay 10 Baisas (Bz) per kWh (0.01 OMR/kWh), while the cost of electricity generation is 25 Bz. Once the distribution infrastructure is added, the total cost of electricity including is estimated at 50 Bz/kWh. Al-Jabri et al. (2015) presented an analysis on the real cost of desalination for the farmers in Al Batinah. Water used for desalination in Oman is brackish Renewable energy for desalination in urban agriculture in the GCC with total dissolved salts (TDS) of about 10 000 mg/L. The life span of desalination units in Oman is about 10 years (personal communications). Assuming an interest rate of 12% (common in Oman for small loans) and 10-yr life span, the total cost of desalination to the farmer varies from 215 to 310 Bz/m 3 (Fig. 6) . The difference between what the farmers pay and the real cost of energy is indirect subsidy. Therefore, the farmers can make a profit at the current subsidized energy prices on the conditions of growing high-value crops. The FAO (2006) report described the economic conditions at which farmers can make profit by using desalination technology in Oman. They should grow high-return crops; such as peppers, eggplants, cucumbers, onions, okra, carrots, cherry tomatoes, strawberry, and capsicums. It should be noted here that the FAO (2006) report has not included the cost of brine disposal in this analysis.
Renewable energy for desalination for agriculture
The global trend in energy market is to reduce energy demand through development of more energy-efficient technologies and finding substitutes for the fossil fuel. The GCC countries are aware of the world's increased competition in energy market and must be ready for the future. They must look for alternative sources of energy due to ever increasing demand for fresh water and energy in the Gulf. In the meantime, they must work on developing technologies that utilize renewable sources of energy to sustain the environment and reduce the demand on energy and finite groundwater. Technologies that are based on renewable sources of energies, such as wind, solar, geothermal; can be greatly utilized for water desalination (Serpen et al., 2010; Goosen et al, 2010) . Coupling renewable energies with desalination systems has a great environmental and industrial potentials in water-scarce countries (Mahmoudi et al., 2008 Goosen and Shayya, 1999) . The effective integration of a source of renewable energy with a desalination system will allow GCC countries to address water shortage at city levels without any impact on air pollution and global warming due to climate change. Furthermore, this approach will help bypass the problems of rising fuel prices and decreasing fossil fuel supplies (Goosen et al., 2011) . This section discusses the opportunities and challenges of utilizing solar energy for desalination of water to grow vegetable crops in urban cities for sustaining natural environment and water resources.
Solar energy for water desalination
Renewable energies for use in desalination processes include wind, solar thermal, photovoltaic and geothermal. Renewable energy that operate the desalination systems are categorized into: (i) those which include distillation processes driven by heat produced directly by the renewable energy system (RES), and (ii) those which include membrane and distillation processes driven by electricity or mechanical energy produced by RES. Solar energy can be used to desalinate brackish water in remote areas or areas that require small amounts of water on daily basis (Al-Hallaj et al., 1998) . Solar energy can be used directly as thermal or can be converted into electrical energy to drive desalination units that are based on reverse osmosis. Thermal energy can be used with solar ponds or collectors. Photo-voltaic cells are used to convert solar energy into electricity. Solar thermal power plant is another choice for this conversion. Goosen et al. (2000) discussed thoroughly the use of solar stills for water distillation (Fig. 1 therein) . It can be used where the demand is low and enough land is available. It is used to produce small amounts of fresh water. Solar stills can be extended to improve the performance and amounts of water produced (Goosen et al., 2000) . Solar ponds combine solar energy collection with longterm storage (Goosen et al., 2011) . A solar pond stores energy by having a salt concentration gradient in the pond. Water surface at the pond has an ambient temperature. However, the bottom of the pond, where the salt concentration is highest, is much higher temperature (about 90°C). The temperature difference is large enough, where the heat is used to generate energy for desalination (Fig. 2b of Goosen et al., 2011) or to drive the vapor generator of an organic Rankine cycle engine (Wright, 1982) . Solar ponds have a rather large storage capacity, which allows seasonal as well as diurnal thermal energy storage (Goosen et al., 2000) .
Solar stills and solar ponds for desalination

Solar photovoltaic (PV) systems for desalination
Solar panels directly convert solar energy into electrical energy via solar cells (Kalogirou, 2005) . Solar cells are made from semiconductor materials such as silicon and are connected with other cells to form a PV module. Any number of PV modules can be combined to form an array, which will supply the power required by the load (Kalogirou, 2005) . Energy storage equipment (batteries) and necessary accessories, such as charge controllers and inverters, are needed to store energy and convert direct current form PV cells to alternating current. The life expectancy of the system can be up to 30 years. Desalination units, based on reverse osmosis (RO) or electrodialysis (ED), that utilize solar energy are mature technologies and readily available in the market. The feasibility of PV-powered RO or ED systems, as valid options for desalination at remote sites, has also been proven (Childs et al., 1999) . The main problem of these technologies is the high cost and, for the time being, the availability of PV cells. Goosen et al. (2011) cites several studies that compare the use of solar energy with different desalination methods, such as thermal and distillation technologies. They conclude that all solar-driven desalination can be used for small-scale water production, except probably for PV-RO technology. A patented direct drive engine (DDE) converts heat to the hydraulic power required by RO is projected to be more than three times greater than that which would be obtained by RO driven by a dish Stirling electricity generation system or PV power (Goosen et al., 2011) . Burgess and Lovegrove (2005) noted that the project becomes less attractive due to the advances in conventional RO. The choice of the RO desalination plant capacity depends on the daily and seasonal variations in solar radiation levels, on the buying and selling prices for electricity, and on the weight given to fossil fuel displacement (Burgess and Lovegrove , 2005) . A conceptual layout for a solar dish based system with power generation and RO desalination is shown in (Fig. 7) .
Conclusion
Substantial amounts of oil and gas are used in the process of desalination in the GCC countries, which produces huge amounts of emissions that significantly contribute to global warming and climate change. Sources of renewable energy for desalinating sea and brackish water in urban cities in the GCC must be utilized to meet increasing demand on water for food production and reduce gas emissions. Given the weather conditions and amounts of natural water resources in GCC region, desalination is probably the only choice for providing substantial amounts of water for irrigation at any time with a tailored quality. Economic and environmental issues are the constraints for adapting desalination technologies for agricultural purposes. Economic constraints can be greatly reduced with solar-operated reverse-osmosis units in conjunction with intensive agriculture of high-value horticultural crops. Environmental constraints are alleviated with safe disposal of brines into the sea, or through evaporation ponds. However, the latter option needs to be thoroughly explored within the context of environmental regulations of each GCC country. (Burgess and Lovegrove, 2005) .
